Defects in ependymal (E) cells, which line the ventricle and generate cerebrospinal fluid flow through ciliary beating, can cause hydrocephalus. Dishevelled genes (Dvls) are essential for Wnt signaling, and Dvl2 has been shown to localize to the rootlet of motile cilia. Using the hGFAPCre;Dvl1 À/À ;2 flox/flox ;3 +/À mouse, we show that compound genetic ablation of Dvls causes hydrocephalus. In hGFAP-Cre;Dvl1 À/À ;2 flox/flox ;3 +/À mutants, E cells differentiated normally, but the intracellular and intercellular rotational alignments of ependymal motile cilia were disrupted. As a consequence, the fluid flow generated by the hGFAP-Cre;Dvl1 À/À ; 2 flox/flox ;3 +/À E cells was significantly slower than that observed in control mice. Dvls were also required for the proper positioning of motile cilia on the apical surface. Tamoxifen-induced conditional removal of Dvls in adult mice also resulted in defects in intracellular rotational alignment and positioning of ependymal motile cilia. These results suggest that Dvls are continuously required for E cell planar polarity and may prevent hydrocephalus.
SUMMARY
Defects in ependymal (E) cells, which line the ventricle and generate cerebrospinal fluid flow through ciliary beating, can cause hydrocephalus. Dishevelled genes (Dvls) are essential for Wnt signaling, and Dvl2 has been shown to localize to the rootlet of motile cilia. Using the hGFAPCre;Dvl1 À/À ;2 flox/flox ;3 +/À mouse, we show that compound genetic ablation of Dvls causes hydrocephalus. In hGFAP-Cre;Dvl1 À/À ;2 flox/flox ;3 +/À mutants, E cells differentiated normally, but the intracellular and intercellular rotational alignments of ependymal motile cilia were disrupted. As a consequence, the fluid flow generated by the hGFAP-Cre;Dvl1 À/À ; 2 flox/flox ;3 +/À E cells was significantly slower than that observed in control mice. Dvls were also required for the proper positioning of motile cilia on the apical surface. Tamoxifen-induced conditional removal of Dvls in adult mice also resulted in defects in intracellular rotational alignment and positioning of ependymal motile cilia. These results suggest that Dvls are continuously required for E cell planar polarity and may prevent hydrocephalus.
INTRODUCTION
Cerebrospinal fluid (CSF) continuously flows through the cerebral ventricular system and plays critical roles in the homeostasis of the brain (Miyan et al., 2003) . Abnormal accumulation of CSF leads to expansion of the ventricles, resulting in hydrocephalus or ventriculomegaly. Hydrocephalus is a severe neurological disorder with high mortality (Casey et al., 1997; Del Bigio, 2010; Miyan et al., 2003; Vogel et al., 2012) . The identification of genetic factors involved in the pathogenesis of hydrocephalus is of high priority in developing genetic diagnosis and therapy.
Ependymal (E) cells are multiciliated epithelial cells that line the walls of the ventricles in the adult brain and generate directional CSF flow by beating their cilia (Del Bigio, 2010) . Aberrant ciliogenesis and ciliary beating of the E cells can cause CSF accumulation and may result in hydrocephalus (Del Bigio, 2010; Lee, 2013; Matsuo et al., 2013; Mirzadeh et al., 2010b; Tissir and Goffinet, 2013; Tissir et al., 2010) . Cilia are nucleated from microtubule-based basal bodies (BB). We have previously shown that E cells display two forms of planar cell polarity (PCP) (Mirzadeh et al., 2010b) : (1) translational polarity, the asymmetric positioning of the cluster of BB (BB patch) on the apical surface of the E cell; and (2) rotational polarity, the unidirectional orientation of individual BB within each E cell. In addition to the polarity within each E cell, there must be transcellular coordination of polarity to ensure coordinated ciliary beating within a sheet of epithelial cells. In the Xenopus larval skin and mouse trachea multiciliated cells, intercellular rotational polarity of BB (tissuelevel polarity) has been demonstrated (Mitchell et al., 2009; Vladar et al., 2012; Wallingford, 2010) . A similar mechanism probably exists in E cells to ensure proper tissue-level polarization. Although the well-coordinated stroke of motile cilia generating the unidirectional CSF flow is expected to depend on PCP in E cells (Bayly and Axelrod, 2011; Guirao et al., 2010; Hirota et al., 2010; Tissir and Goffinet, 2013; Wallingford, 2010) , the mechanisms guiding, refining, and maintaining PCP of E cells remain unclear.
Wnt signaling regulates proliferation and planar polarization in multiple tissues (Gao, 2012; Gray et al., 2011; Herr et al., 2012; Wang et al., 2006; Wynshaw-Boris, 2012) . Secreted Wnt ligand glycoproteins bind to their receptor, Frizzled (Fz), and then recruit the intracellular adaptor protein, the Dishevelled family of proteins (Dvl1, 2 and 3; hereinafter collectively referred to as Dvls) to Fz. Downstream signaling of Dvls is classified into the canonical and noncanonical Wnt pathways. Activation of the canonical Wnt/b-catenin pathway results in the stabilization and nuclear translocalization of b-catenin to alter transcriptional activity of target genes. By contrast, activation of the noncanonical Wnt/PCP pathway results in changes in epithelial polarity and tissue reorganization by modulating cytoskeletal organization and adhesion. Although Dvls are required for both the canonical and noncanonical Wnt pathways, its role in the nervous system in vivo has not been fully elucidated as Dvl1
À/À mutant mice embryos die soon after implantation due to impaired gastrulation (Hashimoto et al., 2010) .
In the present study, we generated a mutant mouse line that has a floxed Dvl2 allele (Dvl2 flox ). We show that the genetic ablation of five out of the six Dvls in the brain in triple knockout (TKO) mice for Dvls in hGFAP-Cre;Dvl1 Dvl TKO hGFAP-Cre ) results in expansion of the ventricles and aberrant rotational and tissue-level polarity in E cells. The fluid flow generated by the mutant E cells was slower compared to that in control mice. In addition, we show that Dvls are required for the refinement of the translational polarity during postnatal maturation in Dvl TKO Nestin-Cre . Furthermore, analysis of tamoxifeninducible Dvl TKO Nestin-CreER revealed that Dvls are involved in the maintenance of rotational and translational polarity in adult E cells. These results demonstrate that Dvls are continually required for proper PCP of motile cilia in E cells and suggest that proper Dvls function prevents hydrocephalus.
RESULTS

Ventricular Expansion in Dvl TKO
hGFAP-Cre Mouse To generate mice that contain a floxed allele for Dvl2 (Dvl2 flox ), two loxP sequences were inserted into intron 1 and exon 15 of Dvl2 ( Figure S1A available online). hGFAP-Cre mice express the Cre recombinase in radial glial cells (RG), which are embryonic neural progenitor cells, as early as embryonic day 14.5 (E14.5) (Zhuo et al., 2001) . We confirmed the Cre-mediated ablation of Dvl2 flox using hGFAP-Cre;Dvl2 flox/+ mice ( Figure S1B -as control mice (hereinafter referred to as control). Dvl TKO hGFAP-Cre mice were viable for at least 6 months. At postnatal day (P)31, the body weights were similar between control (18.0 ± 1.0 g; mean ± SEM, n = 4) and Dvl TKO hGFAP-Cre (17.0 ± 1.3 g; n = 4, p = 0.54) mice. We found that the lateral ventricle and third ventricle (LV and 3V, respectively) were enlarged in Dvl TKO hGFAP-Cre brain ( Figures  1I-1P , and control mice. In the 3V, the expansion of ventricular size was also observed in control mice and further enhanced in Dvl TKO hGFAP-Cre mice. Expansion of the ventricles was not observed in Dvl TKO hGFAP-Cre mice at P2 ( Figure S1C ), suggesting that these mice develop hydrocephalus postnatally. It is interesting that there were no obvious effects on the size of cortex, striatum, and other brain regions in Dvl TKO hGFAP-Cre mutants at the gross anatomical level ( Figures 1I-1P ).
Anatomical Analysis of the Sylvian Aqueduct, Subcommissural Organ, and Choroid Plexus Stenosis in the Sylvian aqueduct is frequently associated with congenital hydrocephalus (Casey et al., 1997; Huh et al., 2009 ). This was not the cause of hydrocephalus in Dvl TKO hGFAP-Cre mice, as the Sylvian aqueduct was expanded compared to controls (Figures 2A-2H ). The subcommissural organ (SCO) is a secretory gland positioned immediately anterior to the Sylvian aqueduct underneath the posterior commissure (Huh et al., 2009 ). Secretion of glycoproteins by the SCO facilitates CSF flow. It has been reported that spontaneous Wnt1 mutant mice develop SCO agenesis and hydrocephalus (Louvi and Wassef, 2000) . However, in Dvl TKO hGFAP-Cre mice, the SCO had a similar size compared to that in controls ( Figures 2I-2K , n = 3 for each genotype) but appeared stretched, which is likely due to the dilation of the ventricles. The choroid plexus produces CSF and overproduction of CSF can cause hydrocephalus (Miyan et al., 2003) . We therefore measured the size of choroid plexus and found that it was similar between control and Dvl TKO Mouse Defects in both the differentiation and ciliogenesis of E cells can cause hydrocephalus (Jacquet et al., 2009; Mirzadeh et al., 2010b; Tissir and Goffinet, 2013; Tissir et al., 2010; Vogel et al., 2012) . In mice, E cells differentiate from RG after P2 (Spassky et al., 2005) . As the development of hydrocephalus in Dvl TKO hGFAP-Cre mice was also after P2 (Figures 1I-1Q ; Figure S1C ), we suspected that the hydrocephalus in Dvl TKO hGFAP-Cre mice may be caused by some defect in E cells. In control mice, immunoreactivity of Dvl2 in P31 E cells was observed primarily within the BB patch (dotted circles in Figure 3A) , with some punctate staining outside the BB patch. This staining is consistent with previous observations in the developing mouse E cells and multiciliated cells in mouse trachea and frog epidermis Park et al., 2008; Vladar et al., 2012) . Dvl2 immunoreactivity was absent in Dvl TKO hGFAP-Cre mice ( Figure 3B ), indicating that Dvl2 is effectively ablated in the Dvl TKO hGFAP-Cre mutant ciliogenic forkhead transcriptional factor FoxJ1 (Caron et al., 2012) , which is essential for the maturation of mouse E cells (Jacquet et al., 2009 Figures 3E and 3F ), forming pinwheels (Mirzadeh et al., 2008) . Using whole-mount staining for GFAP, b-catenin (localized to intercellular junctions), and g-tubulin (localized to BB), we observed that the pinwheel organization was preserved in Dvl TKO hGFAP-Cre mice ( Figures 3E and 3F ). This indicates that (Oishi et al., 2006; Park et al., 2008) . We therefore tested whether cilia morphology and number were affected in Dvl TKO hGFAP-Cre mice. Acetylated tubulin staining of ependymal Reduced Speed of Ependymal Flow in Dvl TKO hGFAP-Cre Mice The continuous beating of cilia on the apical surface of E cells generates unidirectional fluid flow, known as ependymal flow (Miyan et al., 2003) . Defects in this beating can cause hydrocephalus (Matsuo et al., 2013; Tissir et al., 2010) . The dynamics of ependymal flow can be visualized and quantified by placing polystyrene latex fluorescent microbeads on live preparations of the lateral wall of the lateral ventricle ( Figure 4A ) (Mirzadeh et al., 2010a (Mirzadeh et al., , 2010b Sawamoto et al., 2006) . When a small number of microbeads were placed just caudal to the point of adhesion (PA) in the LVs in control mice, a strong dorsal-to-ventral current was detected (Figures 4A, arrow, and 4B, upper row; Movie S1). The velocity was quantified by measuring the distance that fluorescent beads travel within a defined time. In whole-mount preparations of Dvl TKO hGFAP-Cre mice, the overall directionality of this flow was similar to that in controls ( Figure 4B , lower row; Movie S2), but the speed was significantly slower compared to controls ( Figure 4C , n = 57 beads on four control mice, n = 65 beads on 5 Dvl TKO hGFAP-Cre mice). These results suggest that Dvls are required for the normal circulation of CSF.
Normal Ciliary Beating Frequency in Dvl TKO hGFAP-Cre Mice
The glycosyl phosphatidylinositol-anchored sialoglycoprotein CD24 localizes to the motile cilia of E cells (Guirao et al., 2010) .
To monitor the ciliary beating frequency (CBF; strokes per second), we labeled whole-mount preparation of the lateral walls of the LV with anti-CD24 antibody conjugated with phycoerythrin (PE) and monitored cilia behavior ( Figure 5A ; Movies S3 and S4). CBFs in the control (n = 101 E cells from 6 whole-mount preparations, 4 mice) and in the Dvl TKO hGFAP-Cre mice (n = 41 E cells from 2 whole-mount preparations, 1 mouse) were not significantly different ( Figure 5B ). These results suggested that the reduction in the speed of ependymal flow in Dvl TKO hGFAP-Cre mice was not due to defects in CBF.
Disturbed Rotational and Tissue-Level Polarity of E Cells in Dvl TKO
hGFAP-Cre Mice
Unlike the control E cells that displayed well-organized straight parallel bundles of cilia, the cilia in Dvl TKO hGFAP-Cre mice were disorganized, having an ''uncombed'' appearance (Figures 3G and 3H) . A similar disorganization of E cell motile cilia has been reported for Celsr2 & 3 double mutant mice, which was attributed to a defect in their rotational alignment (Tissir et al., 2010) . Centrosomal protein 164 (CEP164) localizes to the distal appendages in primary cilia of cultured cells (Graser et al., 2007; Steere et al., 2012) , while g-tubulin localizes to the BB. We found that, in E cells, CEP164 is asymmetrically localized to one side of the BB ( Figure 6A ). This allowed vector quantification of the rotational polarity of individual BB using confocal microscopy. We drew a vector from the CEP164-positive distal appendage to the g-tubulin-positive BB (white arrows in Figures 6A and 6B ). Deviation of the rotational angle, expressed as the circular SD (CSD; drawn as an error bar on the graph in Figure 6C ) from the main orientation of BB for each E cell, was significantly larger in the Dvl TKO hGFAP-Cre E cells (Figures 6B and 6C ; CSD = 45 ; n = 2,337 BB from 73 E cells, 4 mice) than in the control E cells (Figures 6A and 6C; CSD = 30 ; n = 2,229 BB from 83 E cells, 5 mice; p < 0.001). A basal foot protrudes laterally from the BB and ''points'' in the direction of CSF flow (Guirao et al., 2010; Hirota et al., 2010; Mirzadeh et al., 2010b) . Therefore, the rotational orientation of each BB can be measured by examining the position of both of these structures. In order to confirm the defect in rotational polarity in Dvl TKO hGFAP-Cre mice, we used transmission electron microscopy (TEM) in control and Dvl TKO hGFAP-Cre mice. We drew vectors from the center of the BB to the tip of the basal foot ( Figures 6D-6I ). This independent analysis showed a significant increase in CSD in Dvl TKO hGFAP-Cre E cells ( Figure BB rotation is highly aligned not only within cells but also between cells within the epithelium. This alignment is known as tissue-level polarity in frog epidermis and mouse trachea (Mitchell et al., 2009; Vladar et al., 2012; Wallingford, 2010) . The orientation of individual BB to CEP164 was averaged for each E cell, and this mean orientation (vector, white arrows in Figures 6K and  6L ) was compared for a field of about 300 cells within the same regions in the control and Dvl TKO hGFAP-Cre mutant. Similarly to frog epidermis and mouse trachea, we found that BB in neighboring ependymal cells were highly coaligned, indicating that E cells also display tissue-level polarity (Figures 6K and 6M ; CSD = 23 , n = 296 cells from 6 control mice). However, this coalignment between E cells was significantly affected in Dvl TKO hGFAP-Cre mice (Figures 6L and 6M ; CSD = 39 , n = 294 cells from 5 mice, p < 0.001). These results demonstrate that Dvls contribute to intercellular rotational alignment of ependymal BB.
Dvl-Dependent Refinement of Translational Polarity in the E Cells
To analyze the roles of Dvls in translational polarity, we drew vectors from the centers of apical surfaces of E cells to the centers of BB patches (red arrow in Figure 7A ). We measured the BB patch angle and the displacement from the center of the apical surface. BB patch angle and displacement were similar between Dvl TKO hGFAP-Cre mice and controls ( Figures S3A-S3F 
Neuron
Dishevelleds in Ependymal Planar Polarity E14 (Zhuo et al., 2001) . It was possible that Dvl2 deletion at this stage was ineffective, because this is past the time when translational polarity is established in RG (Mirzadeh et al., 2010b) . We therefore analyzed Dvl TKO Nestin-Cre mutant mice that express the Cre-recombinase from E9 (Tronche et al., 1999) . We observed that, similar to that in Dvl TKO hGFAP-Cre mice, rotational polarity was disrupted in Dvl TKO Nestin-Cre mutant mice ( Figures S3G-S3M ). For translational polarity, no significant differences in BB displacement were observed between control mice (n = 216 E cells from 5 mice) and Dvl TKO Nestin-Cre mice (n = 201 E cells from 5 mice) ( Figures  7B-7E and 7G ), but the BB patch angle had a slight but significantly wider distribution in Dvl TKO Nestin-Cre mice ( Figure 7F ; CSD = 79 , n = 224 E cells from 5 mice) compared to controls at P31 (CSD = 44 , n = 321 E cells from 5 mice, p < 0.002). Translational polarity is first established in RG (Mirzadeh et al., 2010b )-the progenitors of E cells (Spassky et al., 2005) . BB angle is further refined during development (Mirzadeh et al., 2010b) . To address whether Dvls function in the establishment of translational polarity before E cell differentiation, we investigated the BB angle and displacement in RG of control and Dvl ; n = 527 cells from 3 mice; 0.1 < p < 0.2). In addition, BB displacements were unchanged between control mice (Figure 7M ; n = 372 cells from 4 mice) and Dvl TKO Nestin-Cre mice (n = 306 cells from 3 mice). These results indicate that translational polarity is not affected in the Dvl TKO Nestin-Cre RG.
Altogether, these results suggest that removal of five out of six Dvl alleles had minor effects on translational polarity. The small effect observed in the Dvl TKO Nestin-Cre E cells BB patch angle is likely due to its refinement during the differentiation of RG into E cells between P2 and P31.
Dvls Involvement in Maintaining BB Polarity in E Cells
Dvls continue to be expressed next to the BB of fully differentiated E cells ( Figure 3A) . It has been shown that adult E cells express Nestin (Doetsch et al., 1997; Kuo et al., 2006) . NestinCreER mice express a tamoxifen-inducible Cre-recombinase under the Nestin enhancer and promoter (Lagace et al., 2007) . To test the possibility that Dvls function in the maintenance of ependymal PCP, we injected tamoxifen daily for 5 consecutive days (initiating the first injection between P30 and P35) in both the control and Dvl TKO Nestin-CreER mice ( Figure 8A ). Two weeks after tamoxifen treatment, immunoreactivity for Dvl2 was absent in Dvl TKO Nestin-CreER E cells, indicating that Dvl2 was effectively knocked out ( Figures 8B and 8C ). The BB patch angle was significantly more widely distributed in Dvl TKO Nestin-CreER mice (CSD = 79 , n = 224 cells from 4 mice) compared to that of control mice (CSD = 48 , n = 321 cells from 4 mice, p < 0.001; Figures 8D-8F ). However, BB patch displacement was unchanged in control mice (n = 142 cells from 3 mice) and Dvl TKO Nestin-CreER mice (n = 220 cells from 4 mice; Figure 8G ).
The intracellular rotational alignment of BB was also significantly affected in Dvl TKO Nestin-CreER mice (CSD = 42 , n = 1,813 BB from 92 cells, 4 mice) compared to control mice (CSD = 25
; n = 1,636 BB from 82 cells, 4 mice; p < 0.001; Figures 8H-8J ). The size of the LV was significantly bigger in Dvl TKO Nestin-CreER mice compared to that of control mice (Figure S4) . In contrast, tissue-level polarity was not affected when comparing control mice (CSD = 26 , n = 92 cells from 4 mice) and Dvl TKO Nestin-CreER mice (CSD = 20 , n = 82 cells from 4 mice; 0.2 < p < 0.5; Figures 8K-8M) . Altogether, these results suggest that Dvls are involved in maintaining rotational polarity and the BB patch angle in adult E cells.
DISCUSSION
Dvls have redundant and overlapping functions (Wynshaw-Boris, 2012). For example, both Dvl2
À/À and Dvl3 À/À mice die at birth with cardiac defects, and Dvl2
À/À
;3 À/À mice are early embryonic lethal due to severe gastrulation defects (Etheridge et al., 2008; Hamblet et al., 2002; Hashimoto et al., 2010) . In order to study the function of Dvls in vivo while avoiding functional redundancy and lethality, we generated a Dvl2 flox mouse that was crossed to mice deficient in both Dvl1 alleles and one Dvl3 allele (a conditional Dvl3 flox/flox mouse has not been produced). In the present study, we used hGFAP-Cre to delete Dvl2 in neural progenitor cells from around E14. These Dvl TKO hGFAP-Cre developed hydrocephalus, which we found was due to defects in CSF flow. It is interesting that E cells, which line the ventricle and play a key role in CSF circulation, express Dvl2 in the apical domain in close association to the motile cilia BB. Furthermore, we found that E cell PCP-in particular, rotational polarity of individual This observation is consistent with previous reports showing disruption in rotational alignment of motile cilia using a dominant negative Dvl2 in E cells , knockdown of Dvl1 & 3 in the frog epidermis (Park et al., 2008) , or knockdown of Clytia hemisphaerica Dishevelled in the ectoderm of Clytia embryos (Momose et al., 2012) . In addition, we demonstrated that E cells exhibit intercellular coordination of BB alignment (tissue-level polarity) and that Dvls are involved in this polarity. Dvls were also involved in the refinement of BB patch angle during the maturation of E cells. Of note, we found that Dvls were important not only for the normal development of PCP in E cell cilia but also for the maintenance of this PCP in the adult E cells.
Roles of Dvls in Tissue-Level Polarity
In the present study, we show that E cells display intercellular coordination of BB orientation or tissue-level polarity. Tissue-level polarity has been found in multiciliated cells in frog epidermis (Mitchell et al., 2009 ) and mouse respiratory tract (Vladar et al., 2012) . This correlated alignment of BB at the tissue level was affected in the Dvl TKO hGFAP-Cre E cells ( Figures 6K-6M ). We cannot exclude the possibility that the observed dealignment at the tissue level ( Figure 6M ) in Dvl TKO hGFAP-Cre mice is due to the defects in BB rotational polarity observed in individual E cells ( Figure 6C ). In these mice, the difference in CSD between controls and mutants in rotational polarity [45 (mutant) À 30 (control) = 15 ] was similar to that in tissue-level polarity [39
]. However, disruption of rotational polarity is not necessarily associated with tissue-level polarity defects; in our Dvl TKO Nestin-CreER mice, rotational polarity in individual E cells was significantly disrupted (p < 0.001), but tissue-level polarity was unaffected (0.2 < p < 0.5) (Figures 8H-8M ). It remains unclear why tissue-level polarity was not disrupted in Dvl TKO Nestin-CreER mice. One possibility is that the 2-week interval after tamoxifen injection was not long enough for tissue-level polarity to become disorganized. Another possibility is that, in Dvl TKO Nestin-CreER mice, one allele of Dvl3 is sufficient to maintain tissue-level polarity. It is also possible that Dvls are not involved in the maintenance of tissue-level polarity.
Refinement of Translational Polarity by Dvls
Translational polarity, the asymmetric positioning of BB on the apical surface, is first observed in RG as early as E16, and this asymmetric distribution of BB gets refined gradually during development as a subpopulation of these progenitors transform into E cells (Mirzadeh et al., 2010b) . In the present study, we show that, in Dvl TKO Nestin-Cre mice, the BB patch angle was partially affected in E cells at P31. It is interesting that this defect was not observed in the Dvl TKO Nestin-Cre mutant RG at P2. We previously found that Dvl1
;3 À/À embryos displayed early disruption in the posterior migration of BB in node cells, resulting in defective nodal flow and left-right asymmetry defects (Hashimoto et al., 2010) . Our results suggest that Dvls also function in the refinement of translational polarity during the differentiation and maturation of E cells from RG. It remains unclear whether Dvls are uninvolved in the establishment of translational polarity in RG or whether the one copy of Dvl3 was sufficient to orchestrate the early polarization in RG.
Although the Cre-recombinase expression begins at around E14, we did not observe translational polarity defects in the Dvl TKO hGFAP-Cre mutant E cells, while the earlier ablation of Dvl2 by Nestin-Cre in Dvl TKO Nestin-Cre mutants did result in such defects.
The genetic ablation of Dvl2 by hGFAP-Cre might not be early enough to affect the refinement of BB patch angle. We have reported a similar developmental stage-dependent effect on the BB patch angle and displacement in Nestin-Cre;kif3a flox/flox and hGFAP-Cre;kif3a flox/flox mice that lack a subunit of kinesin motor essential for the ciliogenesis (Mirzadeh et al., 2010b) .
A transplantation study in the Xenopus larval skin revealed that Dvls function in a cell-autonomous manner to establish rotational and tissue-level polarity in multiciliated cells (Mitchell et al., 2009 ). However the cell autonomy of Dvls in translational polarity has not been studied in the Xenopus larval skin, as these multiciliated cells do not exhibit translational polarity; BB cover the entire apical surface of the cells (Mitchell et al., 2009; Wallingford, 2010) . It will be interesting to generate genetic chimeras of Dvls by injecting a Cre-expressing virus or electroporating a plasmid vector encoding Cre into the control mice and analyze the translational polarity in E cells to analyze the cell autonomy of Dvls in translational polarity.
During the maturation of multiciliated cells, newly generated BB in the cytoplasm translocate to the apical area (apical docking) depending on Dvls in the Xenopus epidermis and Celsr2 & 3 in the mouse E cells (Park et al., 2008; Tissir et al., 2010) . However, the BB patch was observed normally positioned on the apical surface of the E cells in Dvl TKO Nestin-Cre and Dvl TKO hGFAP-Cre mutant mice ( Figures 3E, 3F , 7B, and 7C; Figures S3A and S3B) , suggesting that the apical docking of BB is not affected in these mutant E cells.
Role of Dvls in the Maintenance of PCP
In Drosophila, a number of factors functioning in the establishment of PCP such as Drosophila Dishevelled (Dsh) have been identified (Bayly and Axelrod, 2011) . However, it remains unknown whether PCP genes also function in the maintenance of PCP in vivo, although a computational simulation study has predicted that the PCP proteins such as the Wnt receptor Fz and atypical cadherin Flamingo/Celsr maintain PCP (Le Garrec et al., 2006) . In the present study, we took advantage of a tamoxifen-inducible CreER line (Nestin-CreER) and demonstrated that Dvls were required for the maintenance of rotational polarity and BB patch angle in E cells. The disruption in rotational polarity may result in reduction in the speed of the ependymal flow and abnormal accumulation of CSF, leading to the expansion of the LV ( Figure S4 ). It remains unclear why BB patch angle was unaffected in Dvl TKO hGFAP-Cre mice at P31, even though Dvl2 was eliminated from their E cells. As our Dvl TKO hGFAP-Cre mice still See also Figure S4 . How Do Dvls Regulate the Ependymal PCP? It remains unclear how Dvls regulate rotational and translational polarity. Motile cilia are connected to the apical actin network through the rootlet (Werner et al., 2011) . In E cells, Dvl2 is concentrated in the BB patch ( Figure 3A) . It has been suggested that Dvl2 localizes to the rootlet of E cell motile cilia . Dvls can interact directly with actin (Capelluto et al., 2002) . Therefore, Dvls may link motile cilia to the actin network. In the present study, we demonstrated that Dvl TKO hGFAP-Cre mice develop hydrocephalus. Mutations in the coiled-coil domaincontaining 88C (CCDC88C) gene that encodes the Dvl-associating protein with a high frequency of leucine residues protein (DAPLE) have been implicated in the human autosomal recessive congenital hydrocephalus (Drielsma et al., 2012; Ekici et al., 2010) . The mouse Daple protein facilitates Wnt5a-mediated actin remodeling by enhancing the interaction between Dvl2 and atypical protein kinase C l (aPKCl) to activate the small GTPase Rac1 in migrating cultured cells (Ishida-Takagishi et al., 2012) . The actin-based motor protein nonmuscle myosin II is required to establish translational polarity, but not rotational polarity, in the developing mouse E cells . In the frog epidermis, the small GTPase RhoA that promotes actin remodeling is required to generate the unidirectional flow, suggesting that RhoA plays important roles in the establishment of rotational polarity (Park et al., 2008) . Altogether, the Dvl2/Daple protein complex may regulate ependymal PCP by activating aPKC, Rac1, and RhoA, leading to reorganization of the actin cytoskeleton.
Gene Dosage Effect of Dvls on the Canonical and Noncanonical Wnt Pathways
With the exception of the aforementioned PCP defects, the differentiation of E cells was apparently normal in Dvl TKO hGFAP-Cre mice that lack 5 out of 6 alleles of Dvls (one copy of Dvl3 remained intact). This observation is surprising, given the key role of Dvls in the canonical Wnt signaling pathway (Wynshaw-Boris, 2012). In the zebrafish Kupffer's vesicle, the canonical Wnt pathway directly upregulates the expression FoxJ1, a gene required for the differentiation of E cells (Caron et al., 2012; Jacquet et al., 2009 -Castillo et al., 2011; Dillman et al., 2013) .
Redundancy of Dvls in E Cell PCP
The mechanism by which multiciliated cells properly orient their tufts of cilia is a fundamental problem in biology and medicine, playing essential roles not only in the brain but also in the trachea and oviduct (Marshall and Kintner, 2008) . Our studies demonstrate how subtle changes in PCP in E cell can result in hydrocephalus and provides evidence for the role of Dvls in orienting individual cilia for effective generation of fluid flow. It is surprising that, in the LV, these effects were only evident when 5 of 6 Dvl alleles were ablated (Figures 1 and 6 ; Figure S2 ), suggesting that mechanisms to assure proper development of PCP polarity in E cells are robust and highly redundant. This is likely due to the critical nature of E cell polarity for the proper circulation of CSF. Dvls localize to different subcellular compartments depending on cell types. In mouse embryonic fibroblasts, endogenous Dvl1 localizes to the BB of primary cilia (Abdelhamed et al., 2013; Zilber et al., 2013) . In mouse tracheal epithelial cells, green-fluorescent-protein-tagged Dvl1 and 3 localize asymmetrically on the apical surface, while endogenous Dvl2 is associated with the BB of motile cilia (Vladar et al., 2012) . Similarly, Dvl1 and Dvl2 are found next to the BB of motile cilia in mouse E cells and multiciliated cells in the frog skin (Guirao et al., 2010; Hirota et al., 2010; Park et al., 2008) . Our findings are consistent with this localization of Dvl2 ( Figure 3A) , suggesting that this isoform may be key to rotational polarity. However, removal of Dvl2 alone did not result in hydrocephalus or significant rotational misalignment (Figure 1; Figure S2 ). It remains to be determined where Dvl3 localizes in E cells and how Dvl1 and Dvl3 function redundantly with Dvl2 in the regulation of E cell PCP.
EXPERIMENTAL PROCEDURES Animals
All animal experiments were performed following the guidelines of the University of California, San Francisco, Laboratory Animal Care and Use Committee. A targeted embryonic stem cell line (E14 strain 129P2Ola) with Dvl2 flox was established as described elsewhere (Bouvier and Cheng, 2009 ) and injected into C57BL/6 wild-type (WT) blastocysts to generate chimeras. The chimeric mice were crossed with C57BL/6 WT mice to obtain Dvl2 flox/+ mice. To remove the Neo cassette, Dvl2 flox/+ mice were crossed with FLPeR mouse (Farley et al., 2000) (The Jackson Laboratory, 003946). PCR genotyping was performed using the Dvl2 flox C (5 0 -GGA TTT TTC AGA CCG AGC AGA TTG-3 0 ) and F (5 0 -GAT CCA AAC CTC AAA GTA CCA CTC C-3 0 ) primers located inside the intron 1 to detect the WT (337 base pairs [bp] ) and floxed (441 bp) alleles of the Dvl2 gene ( Figure S1A ). Cre-mediated recombination was confirmed by PCR using the Dvl2 flox G (5 0 -TTC AGC CTG GTG CCC TTC ATA GTG -3 0 )
and J (5 0 -AAA GGC AGC TAC ACA GTC CCC AAC -3 0 ) primers surrounding the loxP site in exon 15 (WT, 412 bp; floxed, 506 bp; Figures S1A and S1B). PCR using the Dvl2 flox C and J primers generate 393 bp products after Cremediated recombination. Dvl1 À/À (Lijam et al., 1997) , Dvl3 +/À (Etheridge et al., 2008) , hGFAP-Cre (Zhuo et al., 2001) , Nestin-Cre (Tronche et al., 1999) , and Nestin-CreER (Lagace et al., 2007) mice were generated previously.
To obtain control and Dvls mutant mice, control mice were mated with hGFAPCre;Dvl1 Adult mice (P30-P35) were treated with 5 mg/30 g body weight per day tamoxifen in corn oil for 5 consecutive days via oral gavage and were euthanized after 2 weeks.
Histology, Immunohistochemistry, and TEM Histological, immunohistochemical, and TEM analyses were performed as described elsewhere (Doetsch et al., 1997; Mirzadeh et al., 2010a Mirzadeh et al., , 2010b . Details are given in the Supplemental Experimental Procedures.
Ependymal Flow Assay and High-Speed Live Imaging of Ciliary Beating Whole-mounts of the lateral wall of the LV were freshly dissected as described elsewhere (Mirzadeh et al., 2010a) . For the ependymal flow assay, a glass micropipette filled with fluorescent polystyrene latex microbeads (2 mm, Polysciences) attached to an MO-10 micromanipulator (NARISHIGE) was lowered on to the whole-mount, where microbeads were deposited on to the ventricular surface. We recorded the movement of microbeads using a Leica MZFLIII fluorescent dissection microscope and Retiga 2000R high-speed digital camera (QImaging) plugged into OpenLab imaging software (Improvision) at 10 frames per second (fps). For high-speed imaging of ciliary beating, the whole-mount preparations were incubated with rat anti-CD24 antibody conjugated with PE (1:100, BD Pharmingenin 553262) in Neurobasal medium (GIBCO) supplemented with B-27 serum-free supplement (GIBCO), glutamine, and antibiotics for 20 min at room temperature (RT, (20) (21) (22) , rinsed with L-15 medium (GIBCO), and placed in a glass-bottomed dish (BD Falcon). Low melting point agarose (1%-2%) (Invitrogen) and neurobasal medium with the supplements were placed on the whole-mounts. Ciliary beating was recorded with 15 ms exposure time at 61 fps for 200 frames at RT using a Leica DMI600 B microscope, HCX PL APO 1003 oil-immersion lens (NA 1.44, Leica), Rolera EM-C 2 highspeed camera (QImaging), and Metamorph software.
Statistics
All results shown in the bar graphs are expressed as means ± SEM. The means of two experimental groups were compared with two-tailed Student's t test using the Excel software (Microsoft). The distributions of vectorial angles were compared with Watson's U 2 test using the Oriana software (Kovach Computing Services). For the volumetric analysis, we performed an ANOVA and Tukey's multiple comparisons test using SPSS (IBM) and GraphPad Prism (GraphPad Software). Differences were considered significant at p < 0.05. 
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